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LABORATORY OPERATIONS

The Laboratory Operations ¢f The Asrospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver- )
satility and flexibiiity have been developed to a high degree by the laboratory .
personnel in dealing with the many problems encountered in the nation’s rapidly |
developing space and missile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research axe:

Aerodynamics and Propulsion Research Laboratory: Launch and reentry
acrodynamics, heat transier, reentry physics, propulsion, high-temperature
chemistry and chemical kinetics, structural mechanics, flight dynamics, atmo-
spheric pollution, and high-power gas lasers.

Electronics Research Laboratory: Generation, transmission, detection,
and processing of clectromagnetic radiation in the terrestrial and space envi-
ronments, with emphasis on the millimeter-wave, infrared, and visible portions

. of the spectrum; design and fabrication of antennas, complex optical systems,
and photolithographic solid-state devices; test and development of practical
supercondacting detectors and laser devices and technology, inclading high~
power lasers, atmospheric pollution, and biomedical problems.

Materials Sciences faboratory: Development of new materials; metal A4
mat-ix compcsitzs and new forms of carbon; test and evaluation of graphite
and ceramics ‘1 reentry; spacecraft materials and components in radiation
and high-vicuum environments; application of fracture mechanics to stress
corrosion and fatigue-induced fractures in structural metals; effect of nature
of material gsurfaces on lubrication, photosensitization, and catalytic reactions;
and development of prosthesis devices.

Plasma Research Laboratory: Reentry physics ané nuclear weapons
effects; the interaction of antennas with reentry plasma sheaths; experimenta-
tion with ther lear pl : the generation and propagation of plasma
waves in the magactosphe r=; chemical reactions of vibrationally excited
tpecies in rocket plumes; and high-precision laser ranging.

Space Physics lLaboraiory: Aeronomy; density and composition of the

atmospbure at all altitudes; atmospheric reactions and atmospheric optics;
pollution o the environment; the sun, earth's resources: meteorological mea-
surements; radiation beits and cosmic rays; and the effects of nuclear explo-
sions, magnetic storms, ard solar rodiation on the atmospherc.

THE AERCSPACE CORPORATION
El Segundo, California

[ seczasion o
s Witz sectog g }—"
”e Nistin I
Wi, ooy 0
ROUesaibid
14

&mummvmam s

VoL Rl o SR

1




UNCLASSIFIED

~ Security Cla=sification

DOCUMENT CONTROL DATA-R& D

(Security classilication of title, body of adstract and indexing snnotation must be entered when the overall report Is classilied)

1. ORIGINATING ACTIVITY (Corporate suther) 20. REPORT SECURITY CLASSIFICATION
The Aerospace Corporation Unclassified
El Segundo, California 25 cmour

3. REPORT TITLE

SPECTRAL DEVELOPMENT OF A SOLAR X-RAY BURST OBSERVED
ON OSO-7

. DESCRIPTIVE NOTES (Type of repert and inclueive detes)

T AU THOR(S) (Firet name, middie inltiei, oot name)

David L. McKenzie, Dayton W. Datlowe, and Laurence E. Peterson

6 REPORT DATE 72 TOTAL NO. OF PAGRS 75 RO. OF REFS F
72 NOV 10 B/@ 14

84 CONTRACT OR GRANT NO. 9o ORIGNATORS REPORT NUMSTACS)
F04701-72-C-0073 TR-0073(9260-02)-2

b PROJECT NO.

¢ Ty a-on- ng-env 2%0(3) (Any other mumbore Brot may be 8ssignec

. MMSo 1 R-72-28%

10. HSTRIBUTION STATEMINTY

Approved for public release; distribution unlimited

15. SUPPLEMENTARY NOTES 13. SPONIO MNEG MILITARY ACTIVITY

Air Force Systems Command
Los Angeles, California

Space and Missile Systems Organization

JABSTRACT

We have made computer fits to proportional counter soft x-ray data and
scintillation counter hard x-ray data for a small hard x-ray burst at

UT 0519 on November 16, 1971, The energy content of the thermal plasma
increzsed in conjunction with a hard x-ray burst of 60-second duration
which entirely preceded the 5-keV x-ray maximum. If x-rays arise by
thick target bremsstrahlung, the observed suprathermal electrons have
sufficient energy to heat the thermally emitting plasma. In the thin target
case, the collisional energy transfer from nonthermal electrons suffices
only if the power law electron spectrum is sxtrapohted below 10 keV or
the ambient plasma density exceeds 4 X 1010 cm-3

oo "OR% I, q UNCLASSIFIED

1FACSIMILTD - . po .
Security Classification



T

AR LS

KEY W38

v ~—

Solar x-ray
Solar flave
O08S0-7 satellite
X~ay spectrun:

e e e e ot _ 4“4 cotsteteneneth L. MR T 0} - Sindi

jOU————— e - b L g ) Y

i’ns;nbouon Scatement (Continued)

. uacsy, - inued)

o -

R A

fu{i UNCLASSIFIED
Security Classification




.

Air Force Report No. Aerospace Report No.
SAMSO-TR-72-288 TR-0073(9260-02) -2

SPECTRAL DEVELOPMENT OF A SOLAR
X-RAY BURST OBSERVED ON OSO-7

Prepared by

D. L. McKenzie
Space Physics Laboratory

and

D. W. Datlowe and L. E. Peterson
University of California at San Diego

72 NOV 1§

Laboratory Operations
THE AEROSPACE CORPORATION

Prepared for

SPACE AND MISSILE SYSTEMS ORGANIZATION
AIR FORCE SYSTEMS COMMAND
LOS ANGELES AIR FORCE STATION

Los Angeles, California e

Approved for public release;
distribution unlimited



b R R L L e T e

FOREWORD

This report is published by The Aerospace Corporation, El Segundo,
California, under Air Force Contract No. F04701-72~-C~-0073.
1his report, which documents research carried out from January

through April 1972, was submitted 19 October 1972 to Lieutenant Colonel

Elliott W. Porter, DYA, for review and approval.
We wish to acknowledge useful discussions with R. P. Lin,

H. S. Hudson, and S, R, Kane. The OSO-7 instrument was designed and
built by Analog Technology Corporation, Pasadena, California, under the
direction of T. M. Harrington, This work was supported by the National
Aeronautics and Space Administration under Contract No. NAS 5-11081.

Approved

(!

. A, Paulikas, Director
Space Physics Laboratory

Publication of this report does not constitute Air Force approval of
the report's findings or conclusions. It is published only for the exchange
and stimulation of ideas.

Lild)

ELLIOTT W. PORTER, Lt Col, USAF
Asst Dir, Development Directorate
Deputy for Techmology

-iii-




CONTENTS

FOREWORDO.ooocn‘......0...0..0.00.0.0.1.‘oo’oo iii

ABSTRACTQIOOOO-'.Q..l.....o.o.o.--oo-ooooco-.co v

I' INTRODUCTION ® ® 6 ® ® o ¢ & ¥ o 6 8 & 0 ° O 6 P v & 06 0 0 O 2 S s e o o l
n. DATA ® @ ® & ® o & 0 ° O o & & & 9 & & & 0@ . O & & & 9 ©® o 0 o6 &6 o o @ O s o z
m. ENERGETICS.....l'...l..'l'.’...“l..“ ..... 7

A, Thick Target Case . ....ccccceee ceoaoceanns .. 8

B’ ThinTargetCaseoaoooaoooc. """ ® & & & & 6 & & o * o 9
Iv. DI&USSON ® ® & * o O ¢ & © & & O 5 O 0 P 8 v ¢ & 8 9 e s & 90 ® @& o ¢ o o o ll
REmeCEs ® 6 6 & 9 © &6 O 8 6 ¢ & & 8 0 6 & O O 0 P o S 0 6 v S 0 & & 5 e b o 0o 13

FIGURES

1. X~Ray Counting Rates With a 10.24 Second Time

Resolution as a Function of Time and Energy

Observed on November 16, 1971 ....... cecs e 3
2. Corrected Spectra Taken During the Hard

X-Ray Burst Illustrating the Departure From

Thermal Spectra at High Energies and the

Characteristic Hardening Then Softening of

tihe Nonthermal Spectrum . .........cc0cccoeo.. 4
3. Plots of Various Physical Quantities Derived

FromtheData ........ e s e s e s ne e e e 6

i Preceding pagiblank

EURIOR I PR TR




I. TYNTRODUCTION

The continuum radiation observed in solar x-ray bursts can be divided
into two categories. At energies below about 10 keV, "thermr al" emission—
from a plasma assumed to have a Maxwellian electron distribution with
temperature T and "emission measure" (EM) neniV- dominates the spectrum,
while at higher energies the spectrum is conventionally represented as a
power law of the form F(hv) = A(hv)” where F(bv) is the flux in photons/
(cmz-sec-keV). The latter component is often not present at detectable
levels. To date, most spectral measurementis have concentrated on either
the low energy component (Culhane and Phillips 1970, Kahler, Meelans,
Kreplin, and Bowyer 1970) or the high energy component (Frost 1969, Kace
and Anderson 1970). Because of the steepness of the low energy spectru.g,
attempts to cover the entire x-ray range with a single detector have been
plagued by pulse pileup and saturation effects (Kane and Hudson 1970). The
UCSD solar x-ray instrument on OSO-7 uses a proportional counter with a
0. 32 cm® window having an ¢! cutoff at 4 keV for measurements below
15 keV and 2 9.6 cm2 sodium iodide [NaI(T1)] scintillation counter with an
e.1 window cutoff at 10 keV for higher energies (Harrington, Maloy.
McKenzie, and Peterson 1972). Use of two detectors allows simultaneous
measurement of the thermal and nonthermal burst components. We discuss
here a small hard x-ray burst on November 16, 1971, At the time of
writing observations over other frequency ranges are not available, but the
burst is typical of those usually associated w:th subflares and weak, if any,
impulsive microwave bursts. Following a description of the burst, we
compare the energy in suprathermal electrons as evidenced by hard x-ray
emission with that needed to heat the thermally emitting plasma using two

possible models to explain the rapid decay of high energy x-ray emission.

-1-




II. DATA

The UCSD solar x-raiy experiment occupies one segment of the
rotating wheel section of OSO-7. The detectors have apertures of 90°
parallel to by 20° perpendicular tc the wheel plane. Since the wheel rotation
period is about 2 seconds, each spectrum, accumulated over 10.24 seconds,
co.sists of data from five or six 0. 5-second solar exposure periods. The
proportional counter has eight logarithmically spaced energy channels in
the 2-15 keV range and the scintillator has nine logarithmically spaced
channels between 10 and 320 keV. Data for all channels are accumulated
and transferred simultaneously and read out in turn to the spacecraft
telemetry system.

Figure 1 shows plots of counting rate versus time for three propor-
tional counter and three Nal detector channels for November 16, 1971. At
5 keV the x-ray burst under ’.scussion started at UT 0516, reached a peak
at 0521, and decayed siowly ti.ereafter. A burst of x-rays extending to
photon energies greater than 30 keV commenced at UT 0518. 6 and lasted
until 0519. 6. Following the usual pattern for such events (Kane and
Anderson, 1970), the nonthermal brrst first hardened then softened spec-
trally and was completely undetectable above 30 keV at the time of the
maximum 5-keV flux, Figure 2 shows wiree spectra, during the hard x-ray
burst, accumulated over the basic 10, 24 second time interval. The plctted
data points have been corrected for detector area, efficiency, and live time.
We have made computer least square fits to the proportional counter data
for thermal spectra and to the Nal detector data for power law spectra.

The proportional counter fits use data from five channeis between 5. 1 and
14.5 keV, and the Nal fits use three (13, 5-44 keV) or, when available, four
channels (13. 5-64 keV). The thermal fits take account of free-free and
free~bound emission using the approximation of Culhan¢ and Acton (1979).

Fits incorporating a correction for iron line emission around 6. 6 keV did

ACRIRE L AR
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the two bursts sh;wn,
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not differ importamly from those presented here with no such correction.
The curves drawn in Figure 2 represent the best fits to the plotted data.
Differences between the curves and plotted points are due to finite detector
resolution which is pot taken into account in plotting. Figure 3 summarizes
the a2nalysis of spectra during the nonthermal burst.

The thermzl burst behaved much like those discussed by Kahler et al.
(19790) and Horan (1971). A maximum temperature of about 20 X 106 °K was
reacked early in the burst at 0518. 8, and the temperature decreased there-
after. Meanwhile the emission measure increased so that soft x-ray flux
increased despite the declining temperature. At the time of maximum 5 keV
emission, T w.s 13 x 10 °K and the emission measure was 7 X 1047 cm-3.
Energy input to the soit x-ray emitting region apparently continued even
beyond this time, but ircreasing emission measure could not compensate for

decreasing temperature 2ad x-ray flux decayed.
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III, ENERGETICS

High energy electrons accelerated during solar flares are observable
through their x-ray emission for only short periods of time. Kane and
Anderson (1970) noted that decay times are much too short to be explained

- by radiation energy loss, Two plausible mechanisms remain. In one case
the electrons rapidly transfer their energy to the medium through collisions
or plasma collective interactions, and in the second case decay is dominated
by escape of suprathermal electrons to a region in the corona where density

is low enough that bremsstrahlung does not occur at detectable levels,

A, THICK TARGET CASE

Takakura and Kai (1966) have shown that if collision dominates the
decay, higher energy electrons should be longer lived, but Kane and
Anderson (1970) have noted that more energetic x~ray emission is shorter *
lived. This observation is confirmed by data from OSO-7. This means that
energy loss must occur so rapidly that even for the highest energy electrons
observed, the decay is fast compared with the time required for a spectral
measurement, and the time behavior of the x-ray emission reflects that of

the acceleration itself, This implies that t_, the time required for an elec-

t
tron to lose its energy via collisions (Trubnikov 1965), must be less than the

data accumulation period. Thus for OSO-7,

_6.3x10720,3

t n
e

t < 10.24 seconds. (1)

For an electron kinetic energy, Ee’ of 50 keV, we have n, > 1010 cm-3.

For the data of Kane and Anderson (2, 3 second time resolution, maximum
Ee ~ 100 keV), n, > 10“ cm-3 if collisions dominate the decay and collective

effects are negligible, In this case we have a thick target x-ray spectrum



in which photons are emitted by cach electron from the moment of its
injection or acceleration until it has lost cssentially all its encrgy.
Brown (1971) has decveloped formulas for treating thick target

bremsstrahlung spectra. If the x-ray flux spectrum has the form

F(hv) = A(hv)~Y photons/(cmz-sec-keV), (2)

the accclerated or injected spectrum is a power law with spectral index
6§ =y + {, From Brown's results the power input in the form of kinetic
energy of electrons above Ec keV, where Ec is a low energy rutoff in the

electron spectrum, is

_ 24,2 L 3\p-(vy-1)
Pthick(Ec'6) =4,29 X107 AY (Y-1) B(Y -5 Z)Ec erg/sec,

(3)

where B(x, y) is the Beta function.
From the thermal fits we can derive an estimate of the energy content

of the thermally emitting plasma:

U = 3nerT =3 Erhl/l kY erg. (4)
e

The product, U X n, plotted in Figure 3 is directly derivable from the soft
x-ray spectrum, During the~60 seconds of significant x-ray emission

above 30 keV, U X n, increased by 2.2 X 1039 erg-electrons/cm3. If the

i 3

ambient density was 10 cm’ ~, the low energy electron spectrum cutoff,

Ec' could be as high as 21 keV and the suprathermal electron kinetic energy

would still supply sufficient energy to account for the observed increase in

U. Conversely, if Ec = 10 keV, sufficient energy is available if n, > 1.5 X 10lo

cm -, This criterion is certainly satisfied whenever the thick target



conditions above are valid, It is clear that almost any power law electron
spectrum can contain an arbitrary amount of energy if it is extrapolated to
low enough energies, Since the thermal and power law spectra coincide at
about 10 keV, below this energy the distinction between thermal and non-
thermal becomes obscure, : Therefore we believe that E, should not be
assumed to be lower than 10 keV in evaluating a collisional heating model.

B. THIN TARGET CASE

If escape dominates the hard x~ray burst decay, the x-ray spectrum
arises from a population of electrons whcse spectrum is unchanged frorm
the acceleration or injection spectrum. The collisional energy loss of an
electron is (Takakura 1969)

dE
-2 =4.9%x107%n E"1/2 yev/sec.
e e

For the power law x-ray spectrum, the instantaneous nonthermal

electron spectrum is
Y 3
n(Ee) = A Ee electrons/(cm™ - keV),

where o = VY = {/2 and (McKenzie 1972)

Al - 105 x10%3(v - 1) A
neV )

Integrating equation (5) over the spectrum of equation (6) gives the total

collisional energy transfer during a time interval At:

) 24 , (Y -1
pthin At = 8,19 X 10 AEC( ) At ergs, (8)



where we again invoke the low energy cutoff, Ec. For Ec = 10 keV we find
that the collisional cnergy transfer during the period of 30 keV x-ray

emission was 5.2 X 1028 ergs, If this is to be sufficient to heat the thermal

x-ray source, the density in the region must be greater than 4 X 1010 cm'3.
Although this may be high enough for the thick target conditions to be satis-
fied, if the characteristic time for escape is less than tyr the thin target

picture is the more valid one.

-10-



IV. DISCUSSION

We have considered th;z collisionai energy transfer from energetic
electrons to the ambient plasma in two possible situations. In the thick
target case there is appa.rently ample energy in the electrons observed by
their bremsstrahlung to heat the soft x-ray emitting region. No'extrapola-
tion of the power law to lower energies is necessary. In the thin target
case the collisional cnergy transfer suffices only if the power law spectru.m
is extrapolated below 10 keV or the density is higher tha. 4 X 10:0 cm°3.
The thin target case also raises the interesting possibility that most of the
energy available in the form of electron kinetic energy escapes to a low
density region in the corona where energy loss takes place too slowly to
yield x-rays at detectable levels. In that case the observable flare
phenomena might revecal only a fraction of the energy actually available
in energetic electrons,

While the thin target case allows a great deal of speculation with
little hope of proof or contradiction, the thick targe’. case appears to be more
manageable in terms of observables. What is required is a large sample
of events showing excelient time correlation between energy input to the
thermally emitting region and hard x-ray emission indicative of energy loss
by energetic clectrons. Having this in hand one should then attempt a
detailed energy balance for as many flares as possibie. For the present
event the possibility exists that collisional energy loss provides more energy
than can be accounted for by other observed phenomena. A blast wave like
those detectable in the interplanetary medium following major flares might
account for much of the apparent energy excess. The OSO-7 experiment
should provide a good sample of bursts for the required analysis, and we
plan a more complete study later.

Finally, we should mention that collisional energy transfer is probably

not the only flare heating mechanism. Large soft x-ray bursts, many of them

-1~



impulsive, do occur in the absence of detectable nonthermal emission. We
recall that, during the November 16 event discussed here, the product

U X n, continued to increase after the disappearance of x-ray emission above
30 keV. Coppi and Friedland (1971) have discussed a model in which the
early explosive phase in which bursts of nonthermal runaway electrons are
produced is followed by a phase of heating due to a large turbulent
resistivity., Thus unobserved nonthermal electrons do not have to be

invoked for heating late in flare development.

-12-
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